We found no evidence for loss of antigenicity with time-to-fixation for ER, PgR, HER2, or Ki67 in a 4-hour time window. However, with a bootstrapping analysis, we observed a trend toward loss for ER and PgR, a statistically significant loss of antigenicity for phosphorylated tyrosine (P = .0048), and trends toward loss for other proteins. There was evidence of increased antigenicity in acetylated lysine, AKAP13 (P = .009), and HIF1A (P = .046), which are proteins known to be expressed in conditions of hypoxia. The loss of antigenicity for phosphorylated tyrosine and increase in expression of AKAP13, and HIF1A were confirmed in the biopsy/resection series.
Background
Companion diagnostic tests can depend on accurate measurement of protein expression in tissues. Preanalytic variables, especially cold ischemic time (time from tissue removal to fixation in formalin) can affect the measurement and may cause false-negative results. We examined 23 proteins, including four commonly used breast cancer biomarker proteins, to quantify their sensitivity to cold ischemia in breast cancer tissues.
Methods
A series of 93 breast cancer specimens with known time-to-fixation represented in a tissue microarray and a second series of 25 matched pairs of core needle biopsies and breast cancer resections were used to evaluate changes in antigenicity as a function of cold ischemic time. Estrogen receptor (ER), progesterone receptor (PgR), HER2 or Ki67, and 19 other antigens were tested. Each antigen was measured using the AQUA method of quantitative immunofluorescence on at least one series. All statistical tests were two-sided.
An accurate assessment of tissue biomarkers is increasingly important as efforts are made towards individualized molecular targeted therapy of cancer patients. Therefore, it is necessary to determine the exact amount of protein in the tissue specimens not only to better understand the signaling pathways involved in cancer progression but also in order to be able to characterize the biology of a tumor and plan treatment according to the expression of the biomarkers (1) . For example, breast cancer therapy is based on the expression level of estrogen receptor (ER), progesterone receptor (PgR), and HER2, as well as the expression of the proliferation marker Ki67 (2) (3) (4) (5) (6) (7) (8) . However, the accuracy of these assessments, which is dependent on a range of variables related to tissue handling before the expression analysis is conducted (preanalytic variables), has recently been brought into question (10) (11) (12) .
The field of biospecimen science has recognized the impact of biospecimen handling and preanalytical variables on the expression of biomarkers (9-12) and the need for standardization in biobanking and standard operating procedures (13) . Preanalytical procedures affecting tissue quality are not generally standardized and have been historically poorly controlled. Anecdotes about specimens sitting unfixed in a refrigerator during the weekend are not uncommon, and the effects have been shown in analysis of ER status in breast cancer as a function of the day of the week (14) . It has been shown that warm and cold ischemic time (ie, time from tissue removal to fixation in warm or cold buffer) during and after surgery affect gene and protein expression patterns in the tissue (15) (16) (17) . Many other preanalytic variables have also been identified, including the size of the tissue, type of fixative used, time of fixation, temperatures during fixation processes, types of tissue processing and paraffin embedding, variations in antigen retrieval and staining protocols, as well as the use of different antibody clones. Although this is an incomplete list, it illustrates the complexity of the problem of preanalytic variation.
To address the issue of preanalytic variation in the clinical setting, physician's societies published guidelines and white papers (14, (18) (19) (20) . These papers provide protocols and parameters for analysis to control these variables and minimize their impact on the biospecimen, including definition of maximum time before formalin fixation and an optimal range of time for specimen fixation. Although the authors of the guidelines attempted to have each parameter supported by scientific evidence, quantitative data are sparse or nonexistent for many variables. Loss of immunoreactivity for ER and PgR has been reported after time-to-formalin fixation was delayed for 1-2 hours (21), though the results are controversial and others report no changes for ER, PgR, HER2, and Ki67 antigenicity (10, 22, 23) . There is more uniform evidence for loss of antigenicity of phosphorylated proteins during routine fixation of surgical resection specimens (10, 22, 24) . However, most of these studies have used nonquantitative methods to assess expression as a function of time-to-formalin fixation.
Here we report a systematic, prospectively designed effort to characterize the effects of cold ischemic time. We examined the levels of 23 proteins in breast cancer, which included ER, PgR, HER2, and Ki67, as well as a series of other markers commonly used in research settings. We first validated the reagents for each biomarker and then assessed the antigenicity levels using quantitative immunofluorescence on two complementary series where cold ischemic time was defined.
Patients and Methods

Study Cohorts
We included breast cancer patients from two different cohorts to assess possible changes in protein antigenicity in the tissue specimens according to delay to formalin fixation. The tissue microarray (TMA) series served as a continuous cohort. In case of a suggestion of change in antigenicity of a given protein, further evaluation was performed on the conventional whole slide series of matched pairs of core needle biopsies (CNBs) and surgical resections (although time-to-formalin fixation was not available for this series). All tissue was used after approval from the Rochester Institutional Review Board or from the Yale Human Investigation Committee protocol #8219, which approved the patient consent forms or in some cases waiver of consent. TMA Series. Formalin-fixed, paraffin-embedded (FFPE) tissues of 93 breast cancer patients, who had surgery at the University of Rochester, School of Medicine, (Rochester, NY), were collected. Time from surgical resection to immersion of the specimen in formalin was recorded and ranged from 25 to 415 minutes. A TMA was constructed, consisting of these 93 breast cancer specimens, some cell lines and controls, all represented in twofold redundancy (two histospots per patient specimen) ( Figure 1, A) . Each marker was analyzed using all data (time up to 415 minutes).
Conventional Series. FFPE tissues from approximately 500 breast cancer patients, who had a diagnostic biopsy followed by surgical resection at the Yale University hospital between 1995 and 2005, were obtained from the archives of the Pathology Department of Yale University (New Haven, CT). Only patient tissues with matched specimens consisting of a core needle biopsy specimen and a surgical resection specimen were collected. Out of this collection, 25 matched pairs were analyzed for markers of interest. Time to immersion of the specimen into formalin is generally less than 3 minutes for the CNB, so fixation is limited by the diffusion of formalin into tissues (1 mm per hour). Time-to-formalin fixation of the surgical resection specimen was not recorded, but routine specimen handling generally resulted in delayed time-to-formalin fixation of surgical specimens of at least 60 minutes (Figure 1, B) .
Cell Lines and Cell Culture
The cell lines T47D, BT474, SKBR3, MB231, MB468, CHO, A431, HT29, A59-195, and A82-68-B were purchased from ATCC (Manassas, VA), cultured in our lab, and used to create control cell line cell blocks for TMA standardization. Culture conditions and construction of cell pellets for TMAs have been described previously (25) . No authentication was done on the cell lines because they were used as controls rather than as model systems. 
TMA Construction
The TMA of breast cancer specimens with recorded time-toformalin fixation was constructed as described previously (25) . Representative tumor areas from FFPE breast tissue were placed in a recipient block using 0.6 mm core size. Breast cancer tissues as well as cell lines were used as internal controls.
Antibodies
The clinical standard biomarkers, ER, PgR, HER2, and Ki67, were each tested with two antibodies, commonly used in the clinical pathology laboratory setting; for ER: monoclonal mouse antihuman ERalpha 1D5 (DAKO, Carpinteria, CA) and monoclonal rabbit antihuman ERalpha SP1 (Thermo Scientific); for PgR: mouse antihuman PgR monoclonal mouse antihuman 636 (DAKO) and mouse antihuman PgR A/B C89F7 (Cell Signaling Technology, Danvers, MA); for HER2: monoclonal mouse antihuman CB11 (Biocare Medical, Concord, CA) and rabbit polyclonal c-erbB2oncoprotein, also known as Herceptest (DAKO); for Ki67: monoclonal mouse antihuman MIB-1 (DAKO) and monoclonal rabbit antihuman SP6 (Lab Vision). Other antibodies were selected for changes that might occur during time periods before fixation. This included antibodies for proteins sensitive to hypoxia and posttranslational modifications or others that are commonly used in a research lab setting. Details of all antibodies selected for study are shown in Table 1 .
Conventional Whole Tissue Sections
The TMA and conventional whole tissue section slides were deparaffinized with xylene and rehydrated with ethanol. Antigen retrieval was performed using citrate buffer (pH = 6) at a temperature of 97ºC for 20 minutes. Endogenous peroxidase activity was blocked with 2.5% hydroxyl peroxide in methanol, and slides were preincubated with 0.3% bovine serum albumin in 0.1 mol/L of Tris-buffered saline for 30 minutes at room temperature. This was followed by incubation of the slides with the primary antibody and cytokeratin. For standard markers such as ER, PgR, HER2, and Ki67, which are routinely used for companion diagnostic tests, the slides were incubated with primary antibodies for 1 hour at room temperature. Markers commonly used in research settings were incubated for 2 hours at room temperature. Mouse/rabbit EnVision reagent (DAKO, neat) and Alexa 546 conjugated goat antirabbit/mouse secondary antibody (Molecular Probes, Eugene, OR) (1:100 dilution) were used as secondary antibodies followed by Cy5-tyramide (Perker Elmer, Life Science, MA). 4′6-Diamidino-2-phenylindol (DAPI) staining was used to identify cell nuclei. All staining was performed using the Lab Vision Autostainer 720 (Thermo Scientific).
Quantitative Immunofluorescence Using AQUA
The automated quantitative analysis (AQUA) system is a method to objectively and accurately measure protein expression within defined tumor areas and subcellular compartments, as described previously (25) . Briefly, after immunofluorescent staining of the TMAs or conventional series, a set of monochromatic, high-resolution images was captured using the PM2000 image workstation (HistoRx, Branford, CT) and analyzed using the AQUA software (AQUA analysis). For each histospot represented on a TMA and each field of view (FOV) on a whole tissue section, three images were collected, one for each wavelength matching the DAPI, Alexa 546, and Cy5 fluorophores. Cell nuclei were visualized by the signal from DAPI stain; cytokeratin was visualized with Alexa 546 fluorophore; and the protein of interest was visualized with the Cy5 dye. The image collected by visualizing cytokeratin with Alexa 546 dye was manipulated to fill holes, which created a region of interest for subsequent analysis or a "mask." The intensity of Cy5 fluorescence used to visualize each target is then summed and divided by the area to create an AQUA score for each target (25) . CNBs and whole tissue sections were included if we were able to capture at least eight FOVs where the tumor area represented at least 4% of the total area of the tissue specimen.
Validation of Antibodies for Protein Expression Analysis
To show specificity and reproducibility, all antibodies were validated using an antibody validation protocol described previously (26) . Antibodies were titered on test arrays and the optimal titer was chosen according to visual assessment or the use of an expression range graph, which allows objective assessment of the optimal dynamic range as well as signal-to-noise ratio of a given protein of interest. Specificity was evaluated by immunoblot analysis for every protein-specific antibody to confirm the recognition of a single band at the correct molecular weight. These assays were followed by immunostaining and AQUA analysis of the cell line TMA. When protein expression levels of a given antibody as measured by AQUA score on the TMA correlated with the immunoblot result, the antibody was considered validated for specificity. Reproducibility of the antibody was assessed by AQUA analysis of serial sections of test arrays stained under the same conditions on different days. Sufficient antibody reproducibility was defined by Pearson's correlation coefficient (R 2 ) values of 0.75 and greater. Antibodies for protein modifications were generally more heterogeneous and showed lower R 2 values. Only antibodies that were validated by this protocol were used to further investigate the effect of preanalytical variables on protein expression ( Table 1) .
Validation of Antibodies for Phosphorylated Proteins
To further validate the specificity of antibodies targeting phosphorylated proteins, small randomly selected breast cancer TMAs (test TMAs) were preincubated with Lambda protein phosphatase (New England Biolabs, Danvers, MA) according to the manufacturer's instructions for 2 hours at 37ºC, followed by regular immunostaining as described above. Test TMAs without phosphatase treatment were simultaneously incubated with the antibody of interest and served as positive controls. When the phosphatase-treated slides showed a reduction in AQUA score levels at or below the signalto-noise threshold, then the phosphorylated antibodies were considered validated and used for further studies.
Statistical Analysis
Pearson's correlation coefficient was used to assess the correlation of AQUA scores for a given marker between corresponding histospots on the TMAs and to assess reproducibility of an assay. On the TMA series, two histospots were measured and averaged with the exemption of ER and PgR where, according to current diagnostic standards, the maximum AQUA score of the two measured histospots was used. The average sample intensities were then log 2 -transformed and standardized; the time-to-fixation was also log 2 -transformed.
For the conventional series of matched pairs of CNBs and surgical resections, a minimum of eight FOVs with 4% tumor mask or more was analyzed for every protein, and the scores were averaged. The difference between protein expression of CNBs or surgical specimens was calculated using the paired Student t-test. All P-values were based on two-sided tests, and all values less than .05 were considered statistically significant. Statistical analysis was performed using Statview software and the R package, available on the internet.
results
Antigenicity of Biomarkers as a Function of Time-to-Formalin Fixation
In order to investigate the possible influence of preanalytical variables on protein assessment, we analyzed 23 proteins on the TMA series with recorded time-to-formalin fixation ( Table 1) . The markers that are commonly used in routine breast cancer testing are ER, PgR, HER2, and Ki67. Each of these proteins was assessed with two different antibodies, which are routinely used in clinical settings. For each marker, we performed least squares univariate linear regressions and computed the slope and intercept. Because of missing values, none of the markers had 93 pairs of intensity and time-to-fixation measurements. Results for the slopes are shown in Table 2 . A slope of 0.25 indicates that for every time doubling the signal intensity increases by 25%. In order to compute meaningful 95% confidence intervals (CIs) for the regression estimates, we analyzed the residuals of each regression independently using the Wilk-Shapiro test. For several regressions, our analyses suggested that the residuals were not normally distributed. Therefore, we used a bootstrapping technique with 5000 replications in order to derive meaningful confidence intervals. For each marker, we constructed a new sample of M pairs of intensity and time-to-fixation measurements by resampling with replacement just from the pairs of measurements of nonmissing histospot measurements, where M is the number of nonmissing specimen histospot measurements of a given marker; we then determined both the slope and the intercept estimates using a least squares linear regression method and stored the predicted values for the entire time-to-fixation domain. For each timeto-fixation in the range between 0.1 and 8 hours, we computed at Yale University on December 14, 2012 http://jnci.oxfordjournals.org/ Downloaded from the 95% confidence interval of the estimated log 2 -transformed standardized intensity. To examine the sample size effect on the 95% confidence intervals, we also estimated the 95% confidence intervals for a sample of 10 times the number of nonmissing pairs of intensity and time-to-fixation (10 times the actual number of nonmissing specimens in our study). We divided the markers into five categories. A marker was labeled as "increase" when the 0.025 quantile of the slopes obtained by bootstrapping for n = M was greater than zero. Similarly, a marker was labeled as "decrease" when the 0.975 quantile of the slopes obtained by bootstrapping for n = M was less than zero. A marker was labeled as "no change" when the 95% confidence intervals for the slope with both n = M and n = 10 × M included the zero slope. A marker was labeled as "trend up" or "trend down" when the 95% confidence interval for the slope with n = M included the zero slope or when the 95% confidence interval for the slope with n = 10 × M did not include it. In this situation, it is possible that a larger sample size might have enabled detection of a monotonic relationship between the measured intensities and the time-to-fixation.
Within the ranges of cold ischemic time tested (25-415 minutes), ER, PgR, HER2, and Ki67 showed a non-statistically significant change in level of antigen ( Figure 2 and Table 2) ; seven other proteins shown in Table 2 did not show any change in antigen level according to delayed formalin fixation. For these proteins, the 95% confidence interval for both n = M and n = 10 × M included the zero slope. For ER and PgR (Figure 2 ), a trend was seen towards decreased antigen level with further delay in fixation time. However, the trend was not statistically significant without a larger sample size, because the 95% confidence intervals for ER (n = 87) and PgR (n = 51) contained the zero slopes, whereas the 95% confidence intervals for ER (n = 870) and PgR (n = 510) did not. Ki67 was analyzed using continuous AQUA scoring instead of accounting for percentage of Ki67-positive nuclei within a field of interest. Neither Ki67 nor HER2 showed a decrease or even a trend toward a decrease in this time period.
Nineteen other proteins commonly used in research settings were assessed in a similar manner (Table 1 ). Of these, seven proteins did not show any loss of level of antigen as a function of delayed time-to-formalin fixation ( Table 2 ). Of the other proteins assessed, two (HIST4H4 and phospho-tyrosine [4G10]) showed statistically significant decrease in antigenicity (both P < .01) and one showed an increase (P = .02). The remainder did not show a statistically significant change in antigenicity, but trends were noted including eight proteins showing trend up and one protein showing trend down. The trends were only visualized after bootstrapping and require future validation. Examples of statistically significant changes and trends are shown in Figure 3 . These data are illustrated and summarized in Table 2 . The standard clinical biomarkers, ER, PgR, HER2, and Ki67, were also assessed on the conventional series of matched pairs of biopsies and resections. Though the exact time-to-fixation has not been recorded for these surgical specimens, we estimated that this time ranged between 60 and 180 minutes in our routine clinical setting. This cohort allowed us to analyze several fields of view for both the biopsy and the surgical resection specimens in a manner that mimics the evaluation of actual patient specimens (as compared to the TMAs discussed above). No statistically significant loss of protein antigenicity was seen for ER, PgR, HER2, and Ki67. Examples are shown for PgR and HER2 (Figure 4, A and B) .
Expression of Proteins Associated With Hypoxia as a Function of Time-to-Formalin Fixation
Expression of hypoxia markers may increase with increasing timeto-formalin fixation, because the tissue still undergoes biological processes even after ligation of vessels or removal from the body. We assessed the expression of known hypoxia markers in the at Yale University on December 14, 2012 http://jnci.oxfordjournals.org/ Downloaded from TMA series and found increased expression of HIF1A, AKAP13, CCNB1, cleaved CASP3, NEDD8, KRT-X, LMNA, HIST3H3, and acetylated lysine with increased time-to-formalin fixation when analyzed with bootstraping of data. However, only the increase in expression of acetylated lysine was statistically significant (P = .02).
To determine the predictive value of this analysis, a subset of proteins that trended upward (AKAP13 and HIF1A) were selected for validation on the conventional series. This analysis confirmed the initial result but now showing a statistically significant increase of protein expression (P = .009 and .046, respectively) within the resection specimens where time-to-fixation was longer ( Figure 4 and Table 2 ).
Expression of Phosphorylated Proteins as a Function of Time-to-Formalin Fixation
We and others have previously reported loss of antigenicity of phosphorylated epitopes with increased time-to-formalin fixation (10,30). We measured the level of phospho-tyrosine using the Table 2 . Four examples illustrating no change, increase, and decrease with time-to-formalin fixation are shown. GAPDH is an example for a protein with stable antigenicity (the 95% confidence intervals for n = 85 and n = 850 including the zero slope). In contrast, phosphorylated tyrosine is an example of decreased epitope antigenicity, indicated by the fact that every slope in the 95% confidence intervals for n = 79 is smaller than zero, and examples for increase of protein expression with every slope in the 95% confidence intervals for n = 79 being greater than zero. Finally, acetylated lysine is shown as an example of statistically significantly increased antigenicity, whereas the analysis of AKAP13 reveals a trend toward increase but is only seen by bootstrapping analysis. The results of all markers tested are summarized in Table 2. monoclonal anti-phospho-tyrosine antibody (4G10) to confirm and generalize findings from previous studies. Assessment of both the TMA series and the series of biopsies and resections showed a statistically significant decrease in epitope with increased timeto-fixation (P < 0.01 and P = 0.0048, respectively). Nearly every specimen in the conventional series showed less antigenicity in the resection specimen than the biopsy (Figures 3 and 4 and Table 2 ).
Discussion
Here we report a standardized approach to assess the influence of delayed formalin fixation on the antigenicity of breast biomarkers analyzed on two different series-a TMA series as well as a second series of biopsies and resections that more accurately represent tissues seen in routine patient care. The results of our quantitative protein analysis on these series suggest that ER, PgR, HER2, and Ki67 antigenicity as well as seven other proteins are not affected by delayed time-to-formalin fixation within the standard recommended time from surgical removal of the specimen (60 minutes). The analysis of ER and PgR on the TMA series shows a trend toward decreased epitope with increased time-to-fixation, but this was only seen with bootstrapping analysis. Two proteins associated with hypoxia showed a statistically significant increase in levels with increasing time-tofixation. In contrast, the phospho-tyrosine epitope showed statistically significant degradation with increasing time-to-fixation.
The observations in this study agree with some previous work, but not all, depending on the time points examined. This trend was not seen on the conventional series of biopsies and resections measured in a previous small series from our lab (30) . Because time-to-fixation is not recorded for these cases, it is likely that degradation of protein, or epitopes on proteins, occurs in time periods beyond 2 hours. The change between the core biopsy and resection specimen may be highly dependent on which specimens were selected and the time delay associated with each case. Our findings are consistent with those reported in a recent study by Yildiz-Aktaz et al. (37) , where loss of protein epitopes is initially seen at around 3-4 hours but is not substantial until 24 or 48 hours.
Perhaps the most unique finding of this work is that some proteins that are expressed in response to hypoxia show increased expression with increased time-to-fixation. Although this result would be expected based on mechanistic and cell line model data, we are unaware of any similar data on real human tumors. Given the relationship between expression and time before fixation, scientists who study these proteins should be aware that results may be unexpectedly high if care is not taken to fix tissue rapidly. This observation may also be of value in the construction of a tissue quality index. One can envision usage to help quantify the degree of cold ischemic artifact within a given tissue specimen.
Although our study reports quantitative assessment of the effect of delayed time-to-formalin fixation on proteins in breast cancer, it is subject to two major limitations: 1) the limited time range tested and 2) the problem of heterogeneity of expression. The TMA series consists of 93 patients with recorded time-to-formalin fixation between 25 and 415 minutes. Furthermore, the conventional series of breast cancer specimens does not have information on the exact time of delay to formalin fixation but ranges between 60 and 180 minutes. Because there are many anecdotal reports of tissue being stored for 4 hours or even much longer before being cut and fixed, future quantitative studies are required to assess detrimental effects beyond 2 hours. This may also explain the discrepancy between this study and other studies in the literature related to time-tofixation. In fact, in a previous study by our group using older core vs resection specimens with unknown times-to-fixation and a relatively small sample size (10 cases), we reported a statistically significant decrease in ER levels with time-to-fixation (30) . We believe these studies are not discrepant in that the current study is focused on earlier time periods to address current practices. However, the lack of agreement between these two studies emphasizes the need for future efforts to extend the time window.
The second key limitation of this, or any study in anatomic pathology, is tumor heterogeneity. All tumors are known to be heterogeneous, and this problem has historically raised issues related to tumor sampling (31) (32) (33) . In fact, the standard of care in anatomic pathology, which is one 5-µ section per 1 cm of tumor, means that we sample only 0.05% of the tumor. Statistically significant differences of ER expression in different samples of one tumor have been reported previously (34) (35) (36) as well as for PgR, HER2, Ki67, and a few other markers used in research settings. The heterogeneity is a problem both within cases and within a population. For example, the range of each of the markers at early time points is broad (see Figures 2 and  3) , illustrating the dynamic range of the population. So a low value of a given biomarker may be interpreted either as the natural expression level of that particular protein in that particular tumor, or it may be interpreted as evidence of loss of antigenicity due to preanalytic variation. This heterogeneity is further complicated by heterogeneity within a tumor specimen. A TMA spot of 0.6 mm in diameter might not necessarily reflect the protein status of the entire tumor. Similarly, delayed time to cutting and immersion of tissue in formalin might affect different areas of a given tumor at different rates. Therefore, differences in protein antigenicity interpreted as a function of delayed time-to-fixation or cold ischemic time here are only based on statistically significant trends seen in whole populations. Some proteins, like Histone 4 in this study, are an example of an inconclusive result. This protein seemed to lose protein antigenicity as a factor of delayed time-to-formalin fixation as assessed on the TMA series. However, this result could not be confirmed on the conventional series of matched pairs of biopsies and resections. Thus, heterogeneity limits the strength of the conclusions of this work.
Although these limitations generally decrease the strength of the result for any individual protein, the converse is that when a protein is found to be increased or decreased, it is likely to be quite robust and unlikely to represent a false-positive result. For example, we report a decrease to complete loss of antigenicity of phosphorylated proteins as a function of delayed tissue fixation. These results confirm concerns about the accuracy of assessment of phosphorylated proteins in breast cancer tissue and their loss due to delayed processing and fixation, as reported by others (10, 22, 30) . They also illustrate that the effects of cold ischemic time are epitope-specific. The lack of effect seen in some of the proteins tested is also likely to be robust. That is, certain antigens, like those on nearly every "housekeeping" protein we have tested, appear stable even at the extremes of our assays.
These limitations apply to most of the studies in the literature and are probably responsible for the reported incongruous results in biospecimen science papers. For example, Pinhel et al. described the loss of antigenicity for phospho-AKT and phospho-ERK1/2, whereas ER, PgR, HER2, and Ki67 did not show any statistically significant change in antigen levels (10) . Bai et al. described the loss of ER antigenicity in addition to decreased levels of phosphorylated epitopes (30), Khoury et al. found that both ER and PgR antigenicity were diminished after 2 hours of delay to fixation (21) , and Yildiz-Aktaz et al. reported loss of immunoreactivity for ER and PgR after 3-4 hours of fixation delay (37) . None of these works comprehensively addresses either the full range of timesto-fixation or the issue of heterogeneity. However, agreement is found addressing the problem of accurate assessment of phosphorylated proteins where it is thought that phosphatase activity leads to dephosphorylation of epitopes during delayed fixation time.
In summary, the key finding of this study is that there is no evidence for loss of four critical breast cancer proteins as a function of time-to-fixation when tested within a range equal to twice the current standard recommended by the American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) guidelines. Although it is difficult to prove the negative, these quantitative results were confirmed in both experimental (ie, TMA) and clinical specimen studies. We believe it represents the first quantitative assessment of these markers in that time window, providing scientific support for the guidelines. To further address the exact time course of degradation of epitopes, broader new studies are required. We have begun a prospective effort to investigate these and other markers and their change as a function of cold ischemic time on normal breast tissue where we can extend the time-to-fixation without jeopardizing patient safety and where heterogeneity is more limited than that seen in malignancy. We are hopeful that these and other studies will ultimately help define the acceptable parameters for time-to-fixation for critical biomarkers needed for companion diagnostic tests. 
